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Metabolism of dietary sulphate: absorption and
excretion in humans

T Florin, G Neale, G R Gibson, S U Christl, J H Cummings

Abstract
Dietary sulphate may affect colonic patho-
physiology because sulphate availability deter-
mines in part the activity of sulphate reducing
bacteria in the bowel. The main product
of sulphate reducing bacterial oxidative
metabolism, hydrogen sulphide, is potentially
toxic. Although it is generally believed that the
sulphate ion is poorly absorbed, there are no
available data on how much sulphate reaches
the colon nor on the relative contributions
from diet and endogenous sources. To resolve
these questions, balance studies were per-
formed on six healthy ileostomists and three
normal subjects chosen because they did not
have detectable sulphate reducing bacteria in
their faeces. The subjects were fed diets which
varied in sulphate content from 1.6-16.6 mmol/
day. Sulphate was measured in diets, faeces
(ileal effluent in ileostomists), and urine by
anion exchange chromatography with con-
ductivity detection. Overall there was net
absorption of dietary sulphate, with the
absorptive capacity of the gastrointestinal
tract plateauing at 5 mmol/day in the ileosto-
mists and exceeding 16 mmol/day in the normal
subjects. Endogenous secretion of sulphate in
the upper gastrointestinal tract was from 096-
2.6 mmol/day. The dietary contribution to the
colonic sulphate pool ranged up to 9 mmolV
day, there being linear identity between diet
and upper gastrointestinal losses for intakes
above 7 mmol/day. Faecal losses of sulphate
were trivial (<0.5 mmol/day) in the normal
subjects at all doses. It is concluded that diet
and intestinal absorption are the principal
factors affecting the amounts of sulphate
reaching the colon. Endogenous secretion of
sulphate by colonic mucosa may also be impor-
tant in determining amounts of sulphate in the
colon.

Sulphate reduction does not occur in mammalian
cells. It does occur in bacteria, and in particular,
in sulphate reducing bacteria, which can couple
oxidative phosphorylation with reduction of
sulphate (replacing oxygen in conventional
aerobic respiration) to produce hydrogen sul-
phide.' Sulphate reducing bacteria genera, such
as Desulfovibrio, Desulfomonas, and Desulfo-
bacter, are found in the human colon.`2 Interest
in them arises from their role in colonic fer-
mentation and in the possibility that hydrogen
sulphide might be pathogenic to the bowel
mucosa.4 Sulphate reducing bacteria oxidise a
range of readily available organic compounds in
the colon (short chain fatty acids, hydrogen,
succinate, lactate, ethanol, pyruvate) and are
likely to be growth limited not by substrate, but

by availability of the terminal electron acceptor,
sulphate. Large numbers of sulphate reducing
bacteria are found in the colon especially in
people who do not excrete methane in their
breath,5 and experiments in vitro6 and in vivo7
have suggested that these bacteria might out-
grow methanogenic bacteria when there is an
adequate supply of sulphate.

In order to understand more fully the role of
sulphate in determining sulphate reducing
bacteria carriage and activity, it is important to
know the amount of sulphate available in the
colon and the relative contributions from diet
and endogenous secretions. There are, however,
few available data on the sulphate content of
foods - for example, sulphate is not mentioned in
McCance and Widdowson's The Composition of
Foods8 - and the amount of sulphate secreted by
the intestine is not known.

Sulphate is believed to be poorly absorbed by
the human gastrointestinal tract.9' 0 Hence the
basis for its use as an osmotic laxative, and as a
non-absorbable anion in absorption studies.`12
Sulphate excretion in urine has been ascribed
entirely to the oxidation of sulphur in sulphur
amino acids.'3 On the other hand, animal studies
indicate that appreciable absorption of sulphate
is possible by the upper gastrointestinal tract of a
variety of monogastric mammals.'`'6 Also, in
humans, tracer doses of radioactive sulphate
given by mouth are well absorbed,'7 18 with more
than 80% of radioactivity being recovered in
urine over 24 hours.'8
We have therefore measured the amount of

sulphate passing into the colon from the upper
gastrointestinal tract from dietary and
endogenous sources by feeding ileostomy sub-
jects diets containing variable amounts of
sulphate and measuring sulphate excretion in
ileostomy fluid and urine. Sulphate in cooked
food is mainly in the free anionic form. '` On the
other hand, sulphate from intestinal secretions is
esterified with glycoproteins (mainly mucin) and
to a lesser extent with steroids and glycolipids.20
Because there is little sulphatase activity in the
mucosa of the gastrointestinal tract,2' the free
sulphate in ileal effluent is likely to be of dietary
origin, whereas bound sulphate is largely endo-
genous. Sulphate losses in ileal effluent are
assumed to be the same as the sulphate which
reaches the caecum in the intact gut.

In a further balance experiment to assess the
role of the colon in sulphate absorption we
measured sulphate intakes against losses in
faeces and urine from a group ofnormal subjects.
The subjects in this group, who were fed a low
sulphate diet supplemented with oral sodium
sulphate during a test period, were selected by
the criterion of having no detectable sulphate
reducing bacteria in their faeces.
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Methods

ILEOSTOMY STUDY

Subjects
Six subjects with ileostomies (three men and
three women), mean age 60 years (range 48-74
years), mean weight 63 kg (range 57-76 kg)
volunteered for the study. All were fit, had not
been hospitalised, and had not received anti-
biotics in the preceding 10 months, and, apart
from one woman on oral diabetic treatment,
were taking no medication. No subject had more
than 10 cm of terminal ileum resected at the time
of their colectomies which were for ulcerative
colitis (five subjects) and for metachronous
bowel cancer (one subject).

Experimental protocol
The volunteers were admitted to the metabolic
unit of this centre for up to 13 days. Six diets of
varying sulphate content were constructed from
normal foods purchased in bulk at supermarkets
in Cambridge and stored and prepared in the
Dunn metabolic kitchen (Table I). The diets
were designed to have similar amounts of protein
(Table II), although it was not possible to control
the amount of sulphur amino acids exactly. Diets
2 and 5 were identical except for sulphate, diet 2
having been supplemented with 1.0 g of
inorganic sodium sulphate to make diet 5. Sub-
jects were fed between three and six diets in
random order, each for 48 hours, and were
encouraged to eat slowly and in frequent small
amounts as the undigestible residue content of
the diets was generally high. Subjects did not feel
hungry, did not gain or lose weight, and led
normal lives as tourists in Cambridge within the
constraints of the study. One of the subjects had
to abandon an experiment with diet 6 because of
an ileal blockage. Otherwise, there were no
untoward side effects.

Sample collection and preparation
Total ileal effluent and urine collections were
made during the second 24 hours of each dietary
period. Ileal effluent was collected every two
hours during the day from 07 00 until 23 00 hours
and thereafter overnight until 07 00 hours, and
rapidly frozen using Cardice. Urine was
immediately refrigerated, thoroughly mixed,
measured volumetrically, and sample portions
were stored at -20°C. Total 24 hour ileal effluent
and cooked duplicate diets were weighed, stored
at -20°C, and reweighed after freeze drying.

Sulphate measurement
Free sulphate was measured by anion exchange
chromatography using an AS4 guard and anion
exchange column (Dionex) with bicarbonate
eluant (sodium carbonate 2.25 mM, sodium
bicarbonate 2.8mM; flow rate 2 ml/min), cationic
suppression (AMMS, Dionex) with dilute
sulphuric acid (25 mM) to improve signal-noise
ratio, and conductivity detection. Aliquots of
solid samples (100 mg dry weight) or 1 ml of
urine were prepared for analysis in the following

TABLE I Composition ofileostomy diets (glday)

Diet 1 215 3 4 6

No of subjects
completing diets 5 5 3 3 3
Grapefruit 100 100 0 0 0
Brown bread 0 285 200 200 300
Crumpet 0 0 83 83 0
Butter 50 50 50 50 50
Oats 50 0 0 0 0
Ginger jam 0 0 0 0 50
Cheese 0 0 50 50 0
Milk 150 150 80 60 40
Minced beef* 100 100 0 0 0
English sausage* 0 0 0 160 160
Ham 0 0 113 0 0
Onion* 50 50 0 0 0
Macaronit 100 0 0 0 0
Potatot 265 0 0 0 0
White ricet 0 75 0 0 0
Packet potatot 0 0 30 30 30
Cabbaget 0 100 0 150 150
Lettuce 165 0 0 0 0
Brussel sprouts* 0 0 100 0 0
Turnip* 0 0 60 0 0
Beetrootf 0 0 100 0 0
Apple 120 0 0 0 0
Banana 0 80 0 0 0
Sultanas 0 0 100 100 100
Biscuits 50 50 50 50 50
Tea(cups) 0 3 4 3 2
Beer 0 0 0 330 660
Grape juice 0 0 0 600 1200

Unlimiited deionised water on all diets

*Fried in butter ration or own fat.
tMade with local water.
tMicrowaved.

TABLE II Nutritional composition ofthe ileostomy diets based
on valuesfrom McCance and Widdowson's The
Composition of Foods'

Diet 1 215 3 4 6

Energy (MJ) 8-3 8-3 9-2 11.4 1 15
Protein (g) 64 60 69 70 62
Amino acid-S (mmol) 19 17 22 18 18
Fat (g) 88 88 103 104 87
Non-starch 26 19 29 30 34

polysaccharide (g)
Carbohydrate (g) 238 241 259 350 435

manner. Samples were mixed in 10 ml deionised
water (w/v for solids and v/v for urines) and
centrifuged to remove particulate matter; 0 5 ml
of supernatant was mixed 1:1 with propan-2-ol
and centrifuged to precipitate protein. The
supernatant was then poured off and diluted in
eluant buffer to a final sample dilution of 1:1000
(sometimes higher for samples with high
sulphate content). One ml of the 1:1000 super-
natant was passed through an organic filter (Sep-
pak 18, Millipore) and injected onto the column.
Chromatogram peaks were measured by a Spec-
traphysics integrator calibrated with a mixed
anion external standard, after subtracting back-
ground noise measured in a deionised water
blank prepared in the same manner as the
samples. Conductivity was linear over the range
of measurement. The minimum level of detec-
tion for sulphate in the 1:1000 supernatant was
0.05 MiM. For measurement of total sulphate,
samples were hydrolysed in acid to. release 0-
and N-ester sulphate," by heating in 0.8 M HCI
at 90°C overnight, before centrifuging, diluting
with eluant buffer, and measuring free sulphate.
Bound sulphate was calculated by subtraction of
free from total sulphate.

Recovery of free inorganic sulphate added to
urines and effluent in ileostomy bags, then stored
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TABLE III Ileostomy effluent weight (glday), and sulphate
(mmollday) in diets, ileostomy effluent, and urine ofsix
healthy ileostomists

Diet* 1 2 3 4 5 6
SO4 21 52 6-9 114 120 15-8

Ileostomy effluent:
Wet weight 849 627 1136 1147 673 1435
(SE) (56) (37) (54) (88) (40) (74)
Dry weight 59 58 87 102 61 121
(SE) (2) (3) (3) (4) (2) (8)
Total SO4 1-3 2-1 3-3 6-5 7-1 10-8
(SE) (0-1) (0-2) (0-2) (0-4) (0-2) (0-7)
Free SO4 0-29 0-99 1-7 4-3 5-5 8-2
(SE) (0-03) (0-11) (0-3) (0-2) (0-2) (0-6)
Bound SO4 0-96 1.1 1-6 2-2 1-6 2-6
(SEDt) (0-14) (0-3) (0-5) (0-6) (0-4) (1-3)
Urine S04 (SE): 16-8 19-4 22-0 21-2 22-0 20-0

(1-4) (1-4) (0-6) (0-4) (0-8) (2-0)

*For details of diets and composition see Tables I and II.
tStandard error difference of means.

according to protocol was 94% and 92% respec-
tively (two subjects). Recovery of sulphate from
samples spiked with inorganic sulphate and then
treated with acid hydrolysis was 90%; recovery
of ester sulphate added as chondroitin sulphate
to urine and effluent, and stored according to
protocol was 100% and 91% respectively (two
subjects).

FAECAL BALANCE STUDY

Protocol
Three healthy volunteers with normal gastro-
intestinal tracts and no detectable sulphate
reducing bacteria in their faeces were fed a low
sulphate diet (1.6 mmol/day) for 30 days. From
days 11 to 20, the diets were supplemented with
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sodium sulphate (15 mmol/day) in three divided
doses. From days 21 to 30, two subjects returned
to the low sulphate diet but the other subject's
diet was supplemented with 1-5 1 beer (which
contained 5-0 mmol sulphate). Total urine and
faecal collections were made for the last two and
five days respectively ofeach period. Faeces were
quickly frozen at -20°C and urine was stored in
the manner described above.

Bacteriology
Total viable counts were measured in anaerobic
dilution shake series.3'5 The minimum detectable
concentration was 102 sulphate reducing
bacteria/g wet weight of faeces. Sulphate reduc-
ing bacteria activity was assessed by measuring
rates "S-sulphate reduction to 'IS-sulphide." A
value of 10 nmol/g/h or greater was taken to
indicate sulphate reducing bacteria activity.

REAGENTS AND ETHICS
All chemicals were of Aristar grade purchased
from BDH or Sigma, and all water was deionised
(>20 Mfl) and filtered (0-2 micron).
The study was approved by the MRC Dunn

Nutrition Unit Ethical Committee.

Results

ILEOSTOMY STUDY
The sulphate content of the diets varied between
2-1 mmol/day and 15-8 mmol/day (Table III).
There was no significant bound sulphate in the
cooked dietary samples.
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Figure 1: Total sulphate excretion in ileostomyfluid v dietary sulphate (mmollday). For intakes above 7 mmollday there was a
linear identity between ileal excretion and intake ofsulphate. Linear extrapolation at low intakes suggests a net secretion of
sulphate into ileostomy fluid for dietary sulphate less than I mmollday. Bars show standard error ofthe mean.
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Figure 2: Mean urinary excretion ofsulphate and net
intestinal sulphate absorption (dietary - total ileal sulphate) v
dietary sulphate in the ileostomists. Mean urinary excretion of
sulphate correlated with intestinal absorption. (Linear
regression r=0.82, p<0 05). The dotted line indicates the
linear extrapolation through data pointsfor dietary sulphate
<7 5 mmollday through to zero sulphate intake. The intercept
ofurinary sulphate at zero sulphate intake, 14.8 mmollday,
represents sulphate derivedfrom oxidation ofS-amino acids.
Bars show standard error ofthe mean.

Mean (SE) recovery of free and total sulphate
in ileal effluent was 0-29 (0.02) and 1-3 (0.11)
mmol/day respectively for the lowest sulphate
diet, increasing to 8-2 (0.5) and 10-8 (0.7) mmol/
day for the highest sulphate diet (Table III).
Total sulphate excretion in ileostomy fluid was
directly proportional to ingested sulphate for
intakes above 7 mmol/day and there was a net
loss of sulphate into ileostomy fluid for dietary
intakes of less than about 1 mmol/day (Fig 1).
Excretion of bound sulphate increased slightly
with increasing dietary intake, from 0-96 (0.14)
to 2-6 (1-3) mmol/day (Table III); (linear regres-
sion analysis r=0.90, slope=0.12, p=0013).
This correlation persisted when multiple regres-
sion analysis was used to distinguish the different
roles of dietary sulphate and ileal dry weight in
determining bound sulphate: ileal bound
sulphate (mmol/day)=0 016xileal dry weight
(g/day) +0-06xdietary sulphate (mmol/day)
+0.17 mmol/day, r=0 99, p=0 000.
*Mean (SED) net intestinal absorption (dietary

- total ileal sulphate) was 0.85 (0.22) mmol/day
for the lowest sulphate intake, increased to 5 0
(1 5) mmol/day for higher intakes, and plateaued
at sulphate intakes above 7 mmol/day. This
correlated with excretion of urinary sulphate
which also plateaued at intakes above 7 mmol/
day (Fig 2). The intercept of urinary sulphate at
zero sulphate intake, 14.8 mmol/day (Fig 2),
represents sulphate derived from oxidation of
S-amino acids. This is close to but slightly less
than the mean amino acid sulphur in the diets,

18.5 (0.76) mmol/day, calculated from The Com-
position ofFoods8 values (Table II).

Although there was a tendency for total urine
sulphate to be greater than free urine sulphate,
significant bound sulphate was not detected in
ileostomy urine samples.

Total excretion of sulphate in ileostomy fluid
and urine correlated linearly with intake of
sulphate (Fig 3). (The excretion value at dietary
sulphate 7.2 mmol/day corresponds to the diet
with the highest calculated S-amino acid;
Table II).

FAECAL BALANCE STUDY
Sulphate reducing bacteria were not detected
during the collection periods; nor was evidence
of sulphate reducing bacteria activity found in
any of the faeces, even during sulphate feeding.
The sulphate content of the unsupplemented
diet was 1.6 mmol/day, and for the supple-
mented diets 6.6 mmol/day and 16.6 mmol/day
(Table IV). The calculated mean S-amino acid
content of the diet was 23.4 (15) mmol/day,
based on The Composition ofFoods.8 Mean faecal
weight which was 94 (12) g/day, increased with
corresponding increasing sulphate intakes (80,
95, and 112 g/day), but this was not significant
(p>0 2).
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Figure 3: Mean sulphate excretion in ileostomyfluid and urine
v intakefor six healthy ileostomists. (Linear regression
r=0-98, slope= 1 12, p<0 001). The excretion value at
dietary sulphate of7-2 mmollday corresponds to the diet with
the highest calculated S-amino acid (Table II). Bars show
standard error ofthe mean.
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Figure 4: Total urinary sulphate v dietary sulphate for three
normnal volunteers. (Linear regression r=0.94, slope=0-97,
p<002). The intercept ofurinary sulphate at zero sulphate
intake, 19*4 mmollday, represents sulphate derivedfrom
oxidation ofdietary S-amino acids. Bars show standard error
of the mean.

The sulphate content of faeces from the
sulphate reducing bacteria-negative volunteers
was uniformly low for all diets with mean total
faecal sulphate excretion being 0.26 (0.06)
mmol/day, mean free faecal sulphate 0 10 (0 04)
mmol/day, and mean bound sulphate 0.16 (0. 10)
mmol/day. There was a small increase in faecal
sulphate with increasing dietary sulphate (Table
IV), which was not significant.

Urinary excretion of sulphate correlated
linearly with dietary sulphate, linear regression
r=0.94, p<0 02 (Fig 4); 97% of dietary sulphate
was excreted in urine. The intercept of urinary

TABLE IV Sulphate (mmollday) in diets, faeces, and urine
from three normal volunteers

Diet 1 2 3
SO4 1.6 66 166

Faeces:
Total SO4 0.18 0.30 0.35
(SE) (0.05) (0) (0.13)
Free SO4 0-02 0-19 0-17
(SE) (0 01) (0) (0 08)
Bound SO4 0-16 0-11 0-18
(SED*) (0.06) (0) (0-21)
Unrne:
Total SO4 20-3 27.5 348
(SE) (1-6) (0) (0.4)
Free SO4 17.5 23-9 31.7
(SE) (2.0) (0) (1-0)
Bound SO4 2-8 3-6 3.1
(SED*) (3.6) (0) (1A4)

*Standard error difference of means.

sulphate at zero dietary sulphate was 19.4 mmol/
day (Fig 4). There was appreciable bound
sulphate in the urine (Table IV). Mean total
urinary sulphate for all diets, 25.7 (2.4) mmol/
day, was significantly greater than mean free
urinary sulphate, 22.7 (2.4) mmol/day (paired t
test, p=0.002), so that bound sulphate
accounted for 12% of total urinary sulphate in
the normal volunteer group.

Discussion

SULPHATE IN FOOD
Intakes of dietary sulphate varied over a 75-fold
range from 2I1-15.8 mmol/day. Although the
ileostomy diets were experimental, they com-
prised normal food constituents and had nutri-
tional contents broadly similar to those of typical
British diets.24 There are no available data for
sulphate intakes in the population, but from the
present studies it is probably within the range
between 1 5 and 16 mmol/day.
Foods high in sulphate include commercial

breads, dried fruits and vegetables, nuts, fer-
mented beverages, and brassica vegetables. 19
Much ofthis sulphate is added during processing.
Ferrous, calcium, and ammonium sulphates are
permitted additives in bread manufacture (Bread
& Flour Regulations25). Home baked bread using
commercially available flour does not have a high
sulphate content. Calcium sulphate is used to
remove temporary hardness and lower pH in
some beer recipes26 and ferrous sulphate is added
to East Anglian water to precipitate organic
matter in the cleanup process. Addition of
sulphite or disulphite to fruit or vegetables as a
preservative, or to some beverages to control
fermentation, is another source of dietary sul-
phate, because sulphate is a common impurity in
sulphite (up to 15%, unpublished results) and
some sulphite is oxidised to sulphate during

I storage and cooking.27 29 Some glucosinolate con-
taining foods, such as cabbage, are naturally rich
in sulphate, although the amounts may be in-
fluenced by fertilisers.30

SULPHATE ABSORPTION AND URINARY EXCRETION
l These experiments show net absorption of

dietary sulphate and its excretion in urine over 24
hours in human subjects fed a range of sulphate
in diets broadly in keeping with British eating
habits. Maximum net absorption by the upper
gastrointestinal tract plateaued at 5 mmol/day
with dietary intakes of 7 mmol/day and above. If
it is assumed that upper gastrointestinal tract
absorption of sulphate in the normal volunteer
group is the same as in the ileostomy group, and
that there was negligible metabolism of
sulphate in the colon because of the absence of
sulphate reducing bacteria, then net colonic
absorption of sulphate accounted for about
10 mmol/day during the period of high sulphate
(16-6 mmol/day) intake. This conclusion is in
agreement with Ruppin et al,' who reported
to their surprise, colonic sulphate absorption, in
a study of short chain fatty acid absorption in the
human colon where they were using sulphate as a
poorly absorbed anion control.

770



Metabolism ofdietary sulphate: absorption and excretion in humans

These data do not give evidence about the
mechanism for sulphate absorption, but are
consistent with a low capacity, high affinity
active transport in the mucosa. In the present
studies sulphate absorption paralleled sulphate
losses in urine, with absorbed sulphate being
largely excreted within 24 hours in urine. In vitro
studies of small intestine indicate a sodium
dependent active transport of sulphate which is
maximal in the ileum of the rat,'532 33 the rabbit,
and the hamster,33 and the rapid clearance is
consistent with free glomerular filtration and low
capacity renal tubular resorption of sulphate,
which has been documented in subjects given
intravenous infusions of sodium sulphate.34
Another report of the excretion of 389 mmol of
intravenous sodium sulphate in urine over 24
hours attests to the rapidity of renal sulphate
excretion.3` Incomplete 24 hour recovery (86%)
of a tiny oral dose of radioactive sulphate'8
probably reflects exchange of radiolabelled
sulphate with a slow-turnover body pool of
sulphate - for example, chondroitin sulphate or
mucin - rather than delayed absorption or
excretion.
Maximum intestinal sulphate absorptive

capacity was not reached in our normal volunteer
group. In an unpublished study in which a
healthy volunteer was given a massive isosmotic
dose of sodium sulphate by mouth (380 mmol
over four hours), the urine contained 52 mmol of
sulphate in excess of estimated protein derived
sulphate over two days (unpublished results).
This represents nearly 14% of the oral dose; the
effective bowel clearance which also occurred
testifies to the laxative properties ofthe remaining
86%. On the other hand, Fordtran's group36
concluded that there was insignificant urinary
excretion of sulphate in volunteers who ingested
341 mmol of sulphate in an electrolyte lavage
solution. The mean sulphate excretion in urine,
however, was higher during their lavage period
and this may have proved significant if a paired
Student's t test had been used for comparison
rather than an unpaired test. A similar finding to
our study was noted by Cochetto and Levy37 who
gave 10 healthy volunteers 60 mmol of sulphate
in three divided doses over 24 hours. They
calculated that the mean excess sulphate excreted
in urine over three days was 37 mmol or nearly
62% of the oral dose. (The prolonged excretion
of urinary sulphate after ingestion of laxative
sulphate doses presumably reflects delayed
absorption of sulphate from sulphate rich fluid
pooled in the bowel.)
The sulphate derived from oxidation of

S-amino acids in the diets is calculated to be
(mean (SE)) 18.5 (0.76) and 23.4 (1 5) mmol/day
in the ileostomy and faecal balance studies
respectively. The corresponding values of 14-8
and 19.4 mmol/day read from the intercepts of
urinary sulphate at zero sulphate intake are 17-
20% lower than the values calculated from the
food composition tables.8 This difference is
within the range of error due to losses of urinary
sulphate in storage (discussed in the methods
section) or variations in actual S-amino acid and
that calculated from food composition tables, as
well as being compatible with unquantified
losses of sulphate and S-amino acid shed from

skin, or S-amino acid excreted in ileostomy
fluid38 and faeces. Dietary sulphate in the
ileostomy subjects accounted for between 5%
and 20% of urinary sulphate, and in the normal
volunteer group where unabsorbed sulphate in
the upper gastrointestinal tract was salvaged by
colonic absorption, it accounted for up to 42% of
urinary sulphate, It is therefore incorrect to
ascribe urinary sulphate solely to oxidation of
sulphur amino acids'3 in subjects fed British
diets.

Appreciable bound sulphate was not found in
the urine of ileostomy subjects. By contrast, 12%
of urinary sulphate was in the bound form in the
normal volunteer group. Most of the bound
sulphates in urine are esters of phenol, indole,
and p-cresol,39 which are derived from bacterial
degradation of aromatic amino acids20 in the gut.
Production ofphenolic compounds is likely to be
favoured in the lumen of the left colon.' These
compounds are then sulphated by the colonic
mucosa4' which, like mucosa throughout the
gastrointestinal tract20 and the liver, has a sub-
stantial capacity for sulphation of phenolic com-
pounds. As ileostomy subjects have greatly
reduced numbers of gut bacteria, it is perhaps
not surprising that their urinary sulphate is
mainly in the free form.

Is the ileostomy subject a good model for the
absorption of sulphate by the upper gastro-
intestinal tract of normal subjects? Binder and
Ptak42 reported that people with untreated colitis
might have impaired handling of sodium and
water in the small intestine. However, although
five of six of our ileostomy subjects had pre-
viously suffered from ulcerative colitis, their
colectomies had been curative. One subject, who
had his colectomy for sporadic bowel cancer, had
ileal sulphate losses which were well within the
range of values for the group. For sulphate
intakes of 6.9, 11.4, and 15.8 mmol/day respec-
tively, his ileal losses were 3 4, 7.2, and
11.5 mmol/day. So reduced absorption of sul-
phate in the upper gastrointestinal tract of the
ileostomy subjects is unlikely. In fact because
these people have no colon to salvage unabsorbed
electrolytes, compensatory changes,43 such as
increased serum aldosterone,44 might result in
increased sulphate absorption by the upper
gastrointestinal tracts of this group. Therefore
the absorptive role of the colon might be under-
estimated in our calculations.

Another possible fate for sulphate in the colon
which merits consideration is that it is first
reduced to hydrogen sulphide by bacteria, then
absorbed and reoxidised to sulphate. Although
there are no quantitative data on hydrogen
sulphide production in the bowel or its absorp-
tion by intestinal mucosa in humans, this
gaseous compound is very water soluble
(2000 ml/l water at 37°C, compared with solubili-
ties of 18 ml/l water for hydrogen, and 570 ml/l
water for carbon dioxide) and is mainly in a non-
ionic form at faecal pH (pKal= 7.04).A There-
fore, if not consumed by chemical or enzymatic
reactions in the gut lumen, hydrogen sulphide is
likely to be readily absorbed. This has been
shown in whole animal experiments, for canine
large and small intestine' and ovine rumen and
duodenum.47 Absorbed hydrogen sulphide is
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readily oxidised to sulphate, although there is
controversy about the sites and mechanisms of
its oxidation.48-52

It is unlikely that an appreciable reduction of
sulphate occurred in our subjects, who had no
sulphate reducing activity in vitro. The sulphur
requirement of faecal bacteria if sulphate reduc-
ing bacteria are not present is not more than
1-2 mmol/day. Most of this requirement would
be met by cysteine and methionine from protein
degradation. Bacterial assimilation of sulphate to
produce hydrogen sulphide for sulphur needs
is a process requiring adenosine triphosphate
whose pathway is repressed when bacteria are
grown with cysteine.53 . Making the unlikely
assumption that non-sulphate reducing bacterial
sulphur needs are all met by sulphate, and
assuming an average bacterial faecal dry mass of
14-7 g, and bacterial nitrogen content of 0-88 g
(calculated from Stephen and Cummings,55) and
a nitrogen to sulphur ratio of 16, then the
sulphate assimilated for bacterial sulphur needs
would amount to only 1-7 mmol/day. Moreover,
the sulphate requirement for bacterial sulphur
would be considerably less in ileostomy subjects,
whose gut bacterial load is many orders of
magnitude smaller than that of normal subjects.

ENDOGENOUS SULPHATE SECRETION
In this study we were able to estimate for the first
time net endogenous sulphate secretion by the
human upper gastrointestinal tract, 0Q96
2-6 mmol/day. Some of the bound sulphate is
esters of steroids, phenols, glycoproteins,
chondroitin, and glycolipids, but most is prob-
ably in mucin. By assuming all bound sulphate to
be from mucin and 3X4% sulphate in the carbo-
hydrate portion of small intestinal mucin,56 then
the daily carbohydrate contribution from mucin
secretion by the upper gastrointestinal tract is
estimated to be 2-7-7T3 g/day in our subjects.
This calculation is in approximate agreement
with estimations of mucin secretion based on
measurements of hexosamines in ileostomy
fluid57 (3 4 g/day) or of total carbohydrate in the
ileostomy fluid of subjects on a polysaccharide
free diet58 (2 3 g/day).

Extrapolation of bound sulphate losses into
ileostomy fluid is consistent with obligatory
synthesis of sulphate at very low intakes. At
higher sulphate intakes there is a small but
significant increase in ileal bound sulphate
(006 mmol/mmol ingested sulphate). From the
present data it can be inferred that this might be
due to both increased sulphation of secreted
substances and, increased endogenous secretion
at high sulphate intakes. The multiple regression
equation, however, which relates total ileal
bound sulphate to daily dietary sulphate and
weight of ileal effluent, may exaggerate the latter
influence if there is a systemic error in sulphate
measurement, because bound sulphate (mmol/
day) has been derived from the product of ileal
dry weight (g) and ileal bound sulphate
(mmol/g).

COLONIC SULPHATE POOL AND SULPHATE
REDUCING BACTERIA
The contribution of endogenous sulphate to the

total colonic sulphate pool seems to be small. It
is, however, underestimated in this study,
because first and foremost the study does not
quantify the amount of sulphate from colonic
mucin. This may be considerable as radiographic
tracer methods and histology in animals59 and
humans"6' indicate that colonic mucin is more
highly sulphated than small intestinal and gastric
mucin. Secondly, a possible enteroenteral or
enterohepatic recirculation of sulphate or
sulphate-hydrogen sulphide-sulphate due to
bacterial and human cell metabolism has not
been quantified. Incorporation of blood sulphate
into mucin is rapid59 and although quantitatively
a minor route of sulphate excretion in this study,
it may be important for the metabolism of
mucin-degrading colonic bacteria.

Diet and intestinal absorption are the principal
factors determining the size of the colonic sul-
phate pool in this study. Because the magnitude
of this pool is likely to be a major determinant of
sulphate reducing bacteria carriage and activity,
it therefore follows that the epidemiology of
human methanogenesis, which is inversely
related to the carriage of sulphate reducing
bacteria,5 should be determined at least in part
by the quantity of sulphate ingested. There are
no available data on sulphate intakes in human
populations. We have, however, measured the
sulphate in a composite rural African diet from a
predominantly methanogenic population62 and
found it to be only 2-7 mmol/day (unpublished
results), despite a large beer intake. By contrast,
the high dietary sulphate consumed by the
British population is associated with the carriage
of significant sulphate reducing bacteria.5
Furthermore it is possible to stop methanogenesis
in some subjects fed inorganic sulphate.7

We are indebted to Elaine Collard for help with the diets, and to
the nursing staff and volunteers, without whose cheerful coopera-
tion the study would not have been possible. TF is an Underwood
Trust Fellow (British Digestive Foundation) and gratefully
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